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Abstract 
Introduction: Patellofemoral pain (PFP) has often been attributed to abnormal hip and 
knee mechanics in females. To date, there have been few investigations of the hip and 
knee mechanics of males with PFP.  The purpose of this study was to compare the 
lower extremity mechanics and alignment of male runners with PFP with healthy male 
runners and female runners with PFP. We hypothesized that males with PFP would 
move with greater varus knee mechanics compared with male controls and compared 
with females with PFP. Further, it was hypothesized that males with PFP would 
demonstrate greater varus alignment.  
Methods: A gait and single leg squat analysis was conducted on each group (18 
runners per group). Measurement of each runner’s tibial mechanical axis was also 
recorded. Motion data were processed using Visual 3D (CMotion, Bethesda, Md., USA). 
Analyses of Variance were used to analyze the data.   
Results: Males with PFP ran and squatted in greater peak knee adduction and 
demonstrated greater peak knee external adduction moment compared with healthy 
male controls. In addition, males with PFP ran and squatted with less peak hip 
adduction and greater peak knee adduction compared with females with PFP. The static 
measure of mechanical axis of the tibial was not different between groups. However, a 
post-hoc analysis revealed that males with PFP ran with greater peak tibial segmental 
adduction.  
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Conclusion: Males with PFP demonstrated different mechanics during running and 
during a single leg squat compared with females with PFP and with healthy males. 
Based upon the results of this study, therapies for PFP may need to be sex-specific.  
KEY WORDS: Patellofemoral Pain, Running, Biomechanics, Sex Differences 
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Introduction 
Paragraph Number 1: Running is one of the most popular forms of exercise with 
upwards of 16 million Americans participating.(20) However, runners report an 
alarmingly high annual injury rate of up to 79.3%.(36) Patellofemoral pain (PFP) is the 
most prevalent injury among runners and is characterized by pain under or around the 
kneecap.(32)  Unfortunately, in more than 90% of individuals with PFP, this pain 
becomes chronic.(31) Individuals with chronic PFP may be at greater risk for developing 
patellofemoral osteoarthritis later in life.(34,37) As with many knee injuries, females are 
twice as likely to experience PFP compared with males.(32)  
Paragraph Number 2: Recent studies have suggested that abnormal hip and knee 
mechanics are associated with PFP in females.(6,23-26,28-30,39-41) These abnormal 
mechanics include excessive peak contralateral pelvic drop, (6,39,41) peak hip 
adduction, (6,25,39,41) and peak hip internal rotation (6,28,29) and decreased peak 
knee adduction.(25) In combination, these motions result in dynamic valgus of the knee,  
resulting in lateral patellar tracking and an increase in the loading forces on the lateral 
aspect of the patellofemoral joint.(3,12,14,23,24) Importantly, these abnormal 
mechanics appear to be present in females with PFP across a variety of activities, 
including both running and during a single leg squat.(6,28,29,39,40) Thus, evaluation of 
single leg squat mechanics is often used clinically to make extrapolations to running 
mechanics in individuals with PFP.(40)   
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Paragraph Number 3: Preliminary investigations suggest that the gait mechanics of 
males with PFP may differ from females with PFP. In a mixed sex cohort of runners with 
PFP, Dierks et al. (2008) reported that the females with PFP ran with increased hip 
adduction and internal rotation, consistent with previous literature.(6) However, the few 
males with PFP in the cohort actually exhibited decreased hip adduction during 
running.(6) The decreased hip adduction may indicate that the males ran with greater 
knee varus.  Thijs et al. (2007) found that military recruits (predominately male) who 
developed PFP prospectively demonstrated a more laterally deviated center of pressure 
during walking than healthy controls.(33)  A more lateral center of pressure is 
associated with a higher external knee adduction moment during walking, suggesting a 
more adducted knee (7). Decreased hip adduction, coupled with a laterally deviated 
center of pressure, may indicate a varus aligned lower extremity during gait in males 
with PFP.  Compared with a lower extremity in dynamic valgus, a lower extremity in 
dynamic varus may have distinctly different effects on the mechanics of the 
patellofemoral joint. Specifically, medial maltracking may result from increasing dynamic 
varus alignment by either increasing knee adduction or knee internal rotation.(3,12,14) 
These motions may be influenced proximally by decreasing hip adduction and/or hip 
internal rotation.  
Paragraph Number 4: Despite the potential differences in dynamic alignment in 
individuals with and without PFP, the relationship between static frontal plane alignment 
of the knee and PFP is unclear. Witvrouw and colleagues found no prospective 
evidence supporting the role of static frontal plane alignment of the tibiofemoral joint in 
the development of PFP in a mixed gender cohort.(42) In contrast, Milgrom et al. (1991) 
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reported that individuals who had greater varus alignment were more than twice as 
likely to develop PFP than those who had normal or valgus alignment.(17) The reason 
for this discrepancy between the two studies may be due to differences in subject 
selection. Indeed, Witvrouw and colleagues studied a mixed-gender cohort, whereas 
Milgrom et al., evaluated males enrolled in basic military training. Since it has been 
established that healthy males have been shown to have greater static knee varus than 
healthy females, differences in alignment between individuals with and without PFP in 
Witvrouw et al. may have been masked by the mixed gender cohort. (22) 
Paragraph Number 5: Previously, static varus alignment has been shown to relate 
closely to increased dynamic varus alignment, as well as a greater knee external 
adduction moment during walking in young, healthy males.(1)  A greater knee external 
adduction moment would act on the frontal plane of the knee, potentially resulting in an 
even greater increase in dynamic knee varus during gait. In fact, one of the best 
predictors of knee external adduction moment is indeed static varus alignment.(1) Thus, 
determination of static alignment in individuals with PFP may be critical in 
understanding the nature of their dynamic alignment during running and squatting. 
Paragraph Number 6: Therefore, we sought to compare the lower extremity mechanics 
and structure of males with PFP to male controls and females with PFP during running 
and during a single leg squat. We hypothesized that males with PFP would move with 
less peak contralateral pelvic drop (CPD), hip adduction (HADD), hip internal rotation 
(HIR), but with greater knee adduction (KADD) and higher associated knee external 
abduction moment than healthy males and females with PFP. We further hypothesized 
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that males with PFP would have greater static varus alignment when compared with 
healthy males and females with PFP.  
Methods 
Subjects 
Paragraph Number 7: The data collection protocol and informed consent document 
were approved by the University of Delaware Human Subjects Research Board. In 
order to participate, both written and verbal informed consent was obtained from each 
volunteer. An a-priori power analysis was conducted using data from pilot work for this 
study. Using the variable with the highest standard deviation, hip internal rotation, it was 
revealed that 20 subjects per group (effect size=1.04, α= 0.05, β=0.20) were required to 
adequately power this study.  The subject groups consisted of males with PFP, matched 
male controls, and females with PFP. Healthy females were not collected; comparisons 
of the running and squatting mechanics in females with and without PFP are readily 
available in the literature.(6,25,28,29,39)  
Paragraph Number 8: Runners between the ages of 18 and 40 years old, currently 
running at least 10 km per week, able to comfortably run at a 3.35 m/s pace with a non-
antalgic gait pattern, and free of any lower extremity surgeries were recruited for the 
study. Subjects were recruited from the University of Delaware student body, area 
running clubs, and local races. For participants with PFP, a diagnosis was determined 
during a musculoskeletal screening session by a licensed physical therapist who is 
board certified in orthopedics (co-author RW). All participants with PFP were required to 
have patellofemoral pain for at least the previous 3 months prior to their data collection. 
PFP was operationally defined as retropatellar or peripatellar pain that was self-rated at 
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least a “3” on a visual analog scale of “0” to “10.” This pain was required to be present 
during running and at least one other activity. The onset of pain was required to be 
atraumatic in nature. All volunteers with patellofemoral instability, with other knee 
diagnoses, or who were otherwise unhealthy were excused. Prior rehabilitation for knee 
pain was not an exclusion criterion. When knee pain was bilateral, the knee with the 
highest self-rated pain was analyzed. When pain was equal bilaterally, the most 
dominant limb (defined as the limb used to kick a soccer ball) was analyzed. Males with 
PFP were matched with healthy male volunteers and females with PFP based upon 
average weekly running distance and age. 
Paragraph Number 9: Qualified volunteers were invited to participate in the study. 
Subjects first completed the Lower Extremity Functional Scale (LEFS) to assess overall 
functional status. The LEFS requires subjects to rate the extent that their knee pain 
limits their ability to perform 20 separate activities. Each answer is based on a scale of 
“1” to “4”, with ”1” corresponding with an inability to perform a task and  “4” 
corresponding with no difficulty performing a task. The LEFS has been shown to be a 
reliable and valid means to classify functional limitations secondary to PFP.(4)  
Paragraph Number 10: Subjects were then prepared for motion analysis. Thirty 
retroreflective markers were attached to the pelvis and the affected lower extremity to 
analyze running and SLS kinematics. Subjects wore standardized neutral running shoes 
(Nike Pegasus, Beaverton, Ore) in order to control for the effect of footwear on 
mechanics. All kinematic and kinetic data were sampled at 200 Hz and 1000 Hz, 
respectively. Three-dimensional marker coordinates were captured with an 8 camera 
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Vicon Mx system (VICON, Oxford, UK). To establish segment coordinate systems, a 
standing calibration trial was collected while the subject stood on a force platform 
(Bertec, Worthington, OH, USA) mounted in the center of the capture volume. Next, a 
functional hip trial was collected to determine the hip joint center.(9)  Running kinematic 
and kinetic data were then collected as subjects traversed a 25-meter runway at 3.35 
m/sec (8 min/mile). All subjects were asked during the collection of the running data if 
the fixed running speed of 3.35 m/s was a comfortable pace.  No subjects indicated that 
the test speed was uncomfortable.  Subjects were monitored closely for targeting of the 
force platform during all running trials.  Lastly, single leg squat data were collected as 
subjects performed a squat to approximately 60 degrees knee flexion while standing on 
the center of the force platform. While squatting, subjects were asked to maintain an 
arm position of approximately 90 degrees of shoulder abduction. Five trials per activity 
were collected for later analysis. Subjects performed the squatting maneuver to a 1 Hz 
count to standardize the speed of the squatting maneuver.   
Paragraph Number 11: The measurement of tibial mechanical axis was obtained as per 
Barrios et al.(1) For this measure, each subject was asked to assume side by side 
stance with even weight distribution (Figure 1). The proximal arm of a caliper 
inclinometer (Isomed, Portland, OR, USA) was aligned with the most prominent aspect 
of the tibial tuberosity.  The distal arm was aligned with the center of the neck of the 
talus, yielding an angle in respect to vertical. Three trials were collected. The tibial 
mechanical axis was recorded to the nearest degree and the mean of the three trials 
was used for eventual analysis. This technique has been shown to have a high 
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correlation to full-length radiographs quantifying the mechanical axis of the lower 
extremity(r=0.80).(10)  
Paragraph Number 12: All kinematic and kinetic data were filtered with an 8- and 50-Hz, 
low-pass, fourth-order, zero-lag Butterworth filter, respectively. 3-D joint and segment 
angles were calculated with Visual 3-D software (C-Motion Bethesda, MD) using an X-
Y-Z Euler angle rotation sequence. Internal joint moments were calculated utilizing 
segment inertial properties as per Dempster et al.(5) Internal joint moments were 
normalized to body mass and height. Internal knee abduction moment was negated to 
represent external knee adduction moment.   
Paragraph Number 13: Only the stance phase of running was analyzed. For single leg 
squat data, the event was defined as beginning when knee flexion was initiated and 
concluding when 60 degrees of knee flexion was reached. For each participant, single 
leg squat mechanics were analyzed at the index of mean peak knee flexion calculated 
from their running data. During running, peak KADD and external knee adduction 
moment typically occurs at peak knee flexion. Therefore, this subject-specific index for 
the single leg squat was chosen to facilitate direct comparisons between the two tasks. 
By evaluating at the same knee flexion angle, the feasibility of using the single leg squat 
as a clinical screen for running mechanics could be evaluated.  Customized software 
(LabVIEW 8.0, National Instruments, Austin, TX, USA) was used to extract the discrete 
variables of interest from five individual curves for the motion files. Means and standard 
deviations of these values were calculated. Finally, individual mean curves were time 
normalized and ensemble curves were created for display of the group mean data.   
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Paragraph Number 14: The variables of interest were HADD, HIR, CPD, KADD, 
external knee adduction moment, and tibial mechanical axis. To better understand the 
contributors to KADD, we performed a post hoc assessment of tibial and femoral 
segment data during the two tasks. To conduct the post hoc analysis, the tibial and 
femoral segments were referenced to the lab coordinate system during running 
(indexed to the primary outcome variable peak knee adduction) and squatting (indexed 
to individual peak knee flexion angle during running). Statistical analyses were 
conducted using SPSS (IBM, Chicago, Ill., USA). Normality of the data was assessed 
with a Shapiro-Wilk test. Two separate analyses of variance (ANOVA) (group (3) X 
activity) were conducted to compare differences in mechanics, strength, and structure. 
Statistical significance was determined at α =0.05 and a trend was defined as an α≤ 
0.10. 
Results 
Paragraph Number 15: A total of 54 qualified subjects (18 per group) participated in this 
study. While originally powered for 60 subjects, we opted to halt data collection once 
statistical power had been reached in the main outcome variables. The three groups 
were not statistically different in regards to age and mileage (Table 1). However, body 
mass index was significantly higher in males with PFP compared with control males and 
females with PFP. Interestingly, males with PFP were considered overweight, as per 
World Health Organization guidelines.(43)  In addition, females with PFP had a 
significantly greater level of chronicity of PFP than males with PFP.  However, there 
were no differences in pain and LEFS scores between males and females with PFPS. 
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Paragraph Number 16: During running, several differences were detected between the 
three groups (Table 2). Contrary to our hypotheses, males with PFP ran with greater 
peak CPD than healthy male controls (p=0.002, F=11.881) (Figure 2a). Interestingly, no 
differences were detected in peak HADD (p=0.394, F=0.745) and peak HIR (p=0.557, 
F=0.351) (Figure 2b, c) between the injured and healthy male groups. However, males 
with PFP ran with greater peak KADD (p=0.029, F=5.224) and greater peak external 
knee adduction moment (p=0.041, F=4.501) than male controls, as hypothesized 
(Figure 3a, b). Peak KADD was greater in the males with PFP (p=0.018, F=6.136) and  
peak HADD was less than females with PFP (p=0.000, F=34.319). Despite these 
differences, both males and females with PFP ran with similar peak CPD (p=0.19, 
F=1.772).  
Paragraph Number 17: During the single leg squat, injured males demonstrated greater 
KADD (p=0.021, F=5.855) than their healthy counterparts (Table 3). However, external 
knee adduction moment was similar between both male groups. Males with PFP 
squatted with greater KADD (p=0.000, F=23.279) than females with PFP who squatted 
with an abducted knee. As hypothesized, males with PFP squatted with less HADD than 
their injured male counterparts (p=0.007, F=8.097).  
Paragraph Number 18: Surprisingly there were no differences in the tibial mechanical 
axis when comparing males with PFP to either healthy males or to females with PFP 
(Table 2). Thus, while peak KADD during the two tasks was greater in the males with 
PFP, the mechanical axis of the tibia was not. While there was no difference in peak 
femoral adduction (running: p= 0.10, F= 2.931, squatting: p=0.46, F= 0.559), the males 
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with PFP ran with greater tibial adduction than the controls (p=0.05, F= 4.114) (Table 2 
and 3). Similarly, a trend towards greater tibial adduction in males with PFP during the 
single leg squat was noted (p= 0.09, F= 2.879). In contrast, females with PFP ran and 
squatted with greater femoral adduction (p<0.000, F= 19.535, p= 0.001, F= 9.138), 
respectively) when compared with the males with PFP. Interestingly, there was not a 
significant difference in tibial adduction between males and females with PFP during 
running (p= 0.09, F= 2.971) and squatting.   
Discussion 
Paragraph Number 19: We sought to determine if males with PFP run and squat 
differently than healthy males and females with PFP. The results of this study suggest 
that males with PFP run and squat with greater knee adduction, knee external 
adduction moment, and contralateral pelvic drop than healthy males. In contrast, males 
with PFP ran and squatted with less HADD compared to females with PFP.  These 
differences in mechanics suggest that males and females with PFP may require 
different interventions. 
Paragraph Number 20: Our findings suggest that males with PFP run and squat in 
excessive dynamic knee varum. Increasing knee varum dynamically will likely lead to a 
decrease in the quadriceps angle.(23) The quadriceps angle is defined as the angle 
formed by two lines: a) a line drawn between the anterior superior iliac spine and the 
midpoint of the patella, b) a line drawn between the tibial tuberosity and the midpoint of 
the patella. (23) Excessively decreasing the quadriceps angle has been shown to result 
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in medial tracking of the patella while increasing medial patellofemoral joint 
stress.(3,12,14)  In contrast, increasing the quadriceps angle (as seen in females with 
PFP) has been shown to increase lateral translation of the patella while increasing 
lateral patellofemoral joint stress.(3,12,14)    Both decreasing and increasing the 
quadriceps angle can have a detrimental effect on the articular contact area of the 
patellofemoral joint.(3,12,14) In contrast to increasing the quadriceps angle, decreasing 
the quadriceps angle appears to decrease contact area to an even greater extent as the 
patella shifts to the smaller medial aspect of the trochlea.(3) Thus, decreasing the 
quadriceps angle can have an even larger effect on patellofemoral joint stresses than 
increasing the quadriceps angle an equal amount. (3,12)  Thus, even the small 
differences noted in KADD between males with PFP and healthy males may have a 
large effect on patellofemoral joint stress. Chronically high patellofemoral stress may 
lead to overloading of the articular cartilage and subchondral bone, ultimately resulting 
in the pain associated with PFP. (3,8)   
Paragraph Number 21: No differences were found between groups for the structural 
measure of tibial mechanical axis.  This was somewhat surprising, especially 
considering the differences in dynamic alignment. The post-hoc analysis of segmental 
motion revealed greater tibial adduction in males with PFP when compared to healthy 
males (and a trend when compared to females with PFPS). This suggests that the 
greater peak KADD exhibited by males with PFP was more related to dynamic rather 
than static alignment.  This is encouraging as mechanics are modifiable whereas 
structure is not easily changed without surgical intervention.  In contrast, males with 
PFP demonstrated only a trend of increased dynamic tibial adduction, but a significantly 
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more vertical femur compared with females with PFP. These mechanics may speak to 
the influence of different pelvic widths between sexes, necessitating increased femoral 
adduction in the females and resulting in a less adducted knee. We found a significant 
difference in CPD, yet no differences in HADD between males with and without PFP. 
This discrepancy is likely explained by the trend of decreased adduction of the femoral 
segment in the lab coordinate system, indicating a more vertical femur in males with 
PFP. Interestingly, an increase in CPD has been associated with higher external knee 
adduction moments in the medial knee osteoarthritis population during walking.(11,15) 
Thus, the excessive CPD exhibited by males with PFP may contribute to the higher 
knee external adduction moment, resulting in the higher KADD seen in males with PFP. 
While not assessed in the present study, variations in step width may also have an 
effect on the knee external adduction moment during running. For instance, a crossover 
gait pattern results in elevated frontal plane moments of the knee in healthy 
runners.(16)  Future investigations should investigate if a males with PFP run with 
crossover gait pattern.  
 
Paragraph Number 22: Intervention studies have suggested that dynamic hip and knee 
mechanics can be modified through neuromuscular re-education programs, such as gait 
retraining. (2,18,21,27,38)  Neuromuscular treatment programs aimed at reducing KADD 
and knee external adduction moment may show promise in the treatment of PFP in 
male runners. For instance, cueing medial thrusting of the thigh or providing realtime 
feedback on the knee external adduction moment has been shown to reduce both 
KADD and the knee external adduction moment during walking in individuals.(2,27,38) 
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In contrast, cueing a reduction of excessive HADD has been shown to reduce abnormal 
hip mechanics and pain in female runners with PFP.(21)  
 
Paragraph Number 23: It was interesting to note that mechanics were not entirely 
consistent within the male and female groups. In fact, 3 out of 18 males with PFP ran 
with excessive HADD and decreased KADD, similar to the group means of females with 
PFP. In contrast, 4 out of 18 females with PFP ran with reduced HADD and increased 
KADD, similar to the group means of males with PFP. Thus, while there were generally 
mean differences found between male and females with PFP, the mechanics of PFP 
during running are not exclusively sex-related. This finding highlights the importance of 
individualized gait analysis in the evaluation of patients with PFP.  
Paragraph Number 24: During the single leg squat, males with PFP demonstrated 
greater KADD than healthy males or than females with PFP. Despite this difference, 
external knee adduction moments were similar between groups. Previously, females 
who would go on to develop PFP have been reported to demonstrate a higher knee 
external abduction moment during jump landing when compared to healthy females.(19)  
Thus, group differences in external knee adduction moment may only be present in 
activities that have higher ground reaction forces such as running (as seen in this study) 
or jumping. Future investigation of differences in jump landing mechanics in males with 
and without PFP and females with PFP may be warranted. Regardless, KADD was 
remarkably consistent across the two tasks for males with and without PFP.  Based on 
this finding, it appears that the single leg squat may be a useful screening tool to assess 
dynamic varus mechanics in male runners with and without PFP.  
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Paragraph Number 25: We found that our males with PFP were generally heavier than 
the male controls. Matching the controls to the males with PFP for BMI would have 
resulted in an overweight reference group. Thus, all joint moments were normalized to 
body mass. Certainly, an increase in body mass may have a negative impact on loading 
of the patellofemoral joint. However, a recent meta-analysis found that BMI is not 
associated prospectively with PFP.(13)  The cross-sectional design of the present study 
precludes any inference of causation. However, the elevated BMI in males with PFP 
may provide a hindrance to recovery from the injury in this cohort. Further study may be 
necessary in the relationship of excessive body mass index and PFP in male runners. 
Paragraph Number 26: Limitations of this current study should be noted. First, this study 
is cross-sectional in design. Therefore, care should be taken to infer causation from 
these findings. For instance, the increased KADD noted in males with PFP may 
represent a movement strategy to reduce knee pain. Future investigations should have 
a prospective design to further investigate the mechanics in males with PFP found in 
this study. We also collected each subject’s running mechanics at a prescribed running 
speed. While each subject attested to being comfortable running at the fixed running 
speed, running mechanics may be different if collected at their preferred running speed. 
Finally, we are only able to infer patellofemoral joint mechanics based on segmental 
motions of the thigh and lower leg. Therefore, kinematic imaging techniques, such as bi-
plane fluoroscopy, are required to quantify the 3-D kinematics of the patellofemoral joint 
during running and other functional tasks in individuals with and without PFP.  
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Conclusion 
Paragraph Number 27: In this cross-sectional study, males with PFP ran and squatted 
with increased knee adduction. In contrast, females with PFP ran and squatted with 
greater hip adduction and less knee adduction. These sex-specific mechanics suggest 
that males and females with PFP may need differing interventions.  
Paragraph Number 28: Acknowledgements: This work was supported in part by a 
Promotional of Doctoral Studies scholarship from the Foundation for Physical Therapy, 
Drayer Physical Therapy Institute, American College of Sports Medicine Biomechanics 
Interest Group Research Award, and NIH 1 S10 RR022396. The authors would also like 
to thank the subjects for their participation in this study. The results of the present study 
do not constitute endorsement by the American College of Sports Medicine (ACSM). 
CONFLICT OF INTEREST 
Paragraph Number 29: There are no conflicts of interest among any of the authors of 
this manuscript. 
  
20 
 
1. Barrios J, Davis IS, Higginson JS, Royer T. Lower extremity walking mechanics 
of young Individuals with asymptomatic varus knee alignment. J Orthop Res. 
2009;27(11):1414-1419. 
2. Barrios J, Crossley K, Davis I. Gait retraining to reduce the knee adduction 
moment through real-time visual feedback of dynamic knee alignment. Journal of 
Biomech. 2010;43(11):2208-13 
3. Besier TF, Gold GE, Delp SL, Fredericson M, Beaupre GS. The influence of 
femoral internal and external rotation on cartilage stresses within the 
patellofemoral joint. J Orthop Res. 2008;26(12):1627-35. 
4. Brinkley J, Stratford P, Lott S, Riddle D. The lower extremity functional scale 
(LEFS): scale development, measurement properties and clinical application. 
Phys Ther. 1999;79(4):371-83. 
5. Dempster, W.T., Gabel, W.C., Felts, W.J. The anthropometry of the manual work 
space for the seated subject. Am. J. Phys. Anthropol. 1959;17: 289–317. 
6. Dierks TA, Manal KT, Hamill J, Davis IS. Proximal and distal influences on hip 
and knee kinematics in runners with patellofemoral pain during and prolonged 
run. J. Orthop Sports Phys Ther. 2008;38(8):448-456. 
7. Dowling AV, Fisher DS, Andriacchi TP. Gait modification via verbal instruction 
and an active feedback system to reduce peak knee adduction moment. J 
Biomech. Eng. 2010;132(7):071007-1-5. 
8. Fulkerson, J. Diagnosis and treatment of patients with patellofemoral pain. Am J 
Sports Med. 2002; 30(3):447-456. 
21 
 
9. Hicks J, Richards J. Clinical applicability of using spherical fitting to find hip joint 
centers. Gait & Posture. 2005;(22):138-145. 
10. Hinman RS, May RL, Crosslet KM. Is there an alternative to the full-length 
radiograph for determining knee joint alignment in osteoarthritis? Arthritis Rheum. 
2006; (55):306-313. 
11. Huang S, Wei, P, Chien H, Wang T, Liu Y, Chen H, Lu T, Lin J. Effect of severity 
of degeneration on gait patterns in patients with medial knee osteoarthritis. 
Medical Engineering & Physics. 2008; 30: 997–1003. 
12. Huberti HH, Hayes WC. Patellofemoral contact pressures- The influence of Q-
angle and patellofemoral contact. J. of Bone and Joint Surg. Am. 1984; 
66A(5):715-24. 
13. Lankhorst N, Bierma-Zeinstra S, Van Middelkoop M. Risk factors for 
patellofemoral pain syndrome: A systematic review. J. Orthop. Sports Phys. 
Ther. 2012;42(2):81-94. 
14. Lee TQ, Yang BY, Sandusky MD, McMahon PJ. The effects of tibial rotation on 
the patellofemoral joint: assessment of the changes in in situ strain in the 
peripatellar retinaculum and the patellofemoral contact pressures and areas. J. 
Rehabil. Res. Dev. 2001;38: 463-469.  
15. Linley HS, Sled EA, Culham EG, Deluzio KJ. A biomechanical analysis of trunk 
and pelvis motion during gait in subjects with knee osteoarthritis compared to 
control subjects. Clin Biomech. 2010;25(10):1003-10 
22 
 
16. Meardon S, Campbell S, Derrick T. Step width and iliotibial band strain during 
running. Proceedings of the 2010 Annual Meeting of the American Society of 
Biomechanics, Providence, RI 8/20/2011.  
17. Milgrom C, Finestone A, Eldad A, Shlamkovitch N. Patellofemoral pain caused by 
overactivity. A prospective study of risk factors in infantry recruits. J Bone Joint 
Surg Am. 1991; 73(7):1041-1043. 
18. Mündermann A, Asay JL, Mündermann L, Andriacchi TP. Implications of 
increased medio-lateral trunk sway for ambulatory mechanics. J Biomech 
2008;41(1):165-170. 
19. Myer GD, Ford KR, Barber Foss KD, et al. The incidence and potential 
pathomechanics of patellofemoral pain in female athletes. Clin Biomech. 
2010;25:700-707.  
20. National Sporting Goods Association Web site [internet]. Mount Prospect, (Ill): 
accessed 2009 Nov. 30 11/30/09]. Available from :http://www.nsga.org 
/files/public/2008RankedByTotal_4Web _080423.pdf. 
21. Noehren B, Scholz J, Davis I. The effect of real-time gait retraining on hip 
kinematics, pain and function in subjects with patellofemoral pain syndrome. Br J 
Sports Med. 2010; 45(9):691-696.  
22. Nguyen AD, Boling MC, Levine B, Shultz SJ. Relationships between lower 
extremity alignment and the quadriceps angle. 2009;19(3): 201-206.  
23. Powers C. The influence of altered lower extremity kinematics on patellofemoral 
joint dysfunction: a theoretical perspective. J. Orthop Sports Phys Ther. 2003; 
33(11):639-46. 
23 
 
24. Powers C. The influence of abnormal hip mechanics on knee injury: a 
biomechanical perspective. J Orthop Sports Phys Ther. 2010;40(2):42-51. 
25. Salsich, G.B., Long-Rossi F., Do females with patellofemoral pain have abnormal 
hip and knee kinematics during gait? Physiother Theory Pract. 2010; 26(3):150-
159. 
26. Salsich GB, Perman WH. Patellofemoral Joint Contact Area Is Influenced by 
Tibiofemoral Rotation Alignment in Individuals Who Have Patellofemoral Pain. J. 
Orthop Sports Phys  Ther. 2007;37(9):521-28.  
27. Shull PB, Lurie KL, Cutkosky MR, Besier TF. Training multi-parameter gaits to 
reduce the knee adduction moment with data-driven models and haptic 
feedback. J Biomech 2011;44(8):1605-1609\ 
28. Souza, RB, Powers CM. Differences in hip kinematics, muscle strength, and 
muscle activation between subjects with and without patellofemoral pain. J. 
Orthop. Sp. Phys. Ther. 2009;39(1):12-19. 
29. Souza RB, Powers CM. Predictors of hip internal rotation during running: an 
evaluation of hip strength and femoral structure in women with and without 
patellofemoral pain. Am. J. Sport. Med. 2009;37(3):579-587.  
30. Souza RB, Draper CE, Fredericson M, Powers CM. Femur rotation and 
patellofemoral joint kinematics: a weight-bearing magnetic resonance imaging 
analysis. J. Orthop. Sports Phys. Ther. 2010;40(5):277-285. 
31. Stathopulu E, Baildam E.; Anterior knee pain: a long term follow-up. 
Rheumatology.  2003;42(2): 380-2.  
24 
 
32. Taunton J, Ryan M, Clement D, McKenzie C, Lloyd-Smith R, Zumbo B. A 
retrospective case control analysis of 2002 running injuries. Br J Sports Med. 
2002;36(2):95-101. 
33. Thijs Y, Tiggelen DV, Roosen P, Clercq DD, Witvrouw E. A prospective study on 
gait-related intrinsic risk factors for patellofemoral pain. Clin J. of Sp. Med. 
2007;17(6): 437-445. 
34. Thomas MJ, Wood L, Selfe J, Peat G. Anterior knee pain in younger adults as a 
precursor to subsequent patellofemoral osteoarthritis: a systematic review. BMC 
Musculoskelet Disord. 2010;(11):201-209. 
35. Stathopulu E, Baildam E.; Anterior knee pain: a long term follow-up. 
Rheumatology. 2003;42(2): 380-382.  
36. van Gent B, Siem GD, Middelkoop M, van Os T, Bierma-Zeinstra S, Koes B. 
Incidence and determinants of lower extremity running injuries in long distance 
runners: A systematic review. Br J Sports Med. 2007; 41(8):469-80. 
37. Utting MR, Davies G, Newman JH. Is anterior knee pain a predisposing factor to 
patellofemoral osteoarthritis? Knee. 2005;12 (5):362-65. 
38. Wheeler JW, Shull PB, Besier TF. Real-time knee adduction moment feedback 
for gait retraining through visual and tactile displays. J Biomech. Eng. 2011; 
133(4):041007.  
39. Willson JD, Davis IS. Lower extremity mechanics of females with and without 
patellofemoral pain across activities with progressively greater task demands. 
Clin Biomech. 2008; 23(2):203-11. 
25 
 
40. Willson JD, Davis IS. Utility of the frontal plan projection angle in females with 
patellofemoral pain. J. Orthop. Sports Phys. Ther. 2008;38(10):606-615. 
41. Willson JD, Davis IS. Lower extremity strength and mechanics during jumping in 
women with patellofemoral pain. J Sport Rehabil. 2009;18:76-90. 
42. Witvrouw E, Lysens R, Bellemans J, Cambier D, Vanerstraeten G. Intrinsic risk 
factors for the development of anterior knee pain in an athletic population: a two 
year prospective study. Am. J. of Sports Med. 2000;28(4):480-490. 
43. World Health Organization website. Accessed 8/04/11. 
http://www.who.int/mediacentre/factsheets/fs311/en/index.html 
 
  
26 
 
 
Figure Captions 
 
Figure 1: Measurement of the Tibial Mechanical Axis.  
 
Figure 2: Hip kinematics during running.  Error bars correspond to ±1 standard 
deviation.  a) Contralateral pelvic drop (CPD). Note increased CPD for both males with 
PFP and females with PFP compared with male controls; b) Hip adduction (HADD). 
Note increased values for females with PFP only; c) Hip internal rotation (HIR): There 
were no differences between the 3 groups.  
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Figure 3: Frontal Plane knee mechanics during running. Error bars correspond to ±1 
standard deviation. a) Knee adduction (KADD) and b) external KADD moment. Note 
that males with PFP ran in greatest peak KADD and, reflecting that alignment, Males 
with PFP ran with the greater peak KADD moment than control males, but not 
significantly different that females with PFP. 
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Table Captions 
Table 1: Demographic information (mean(SD)) for the three subject groups. *signifies 
p>0.05. VAS= Visual analog scale, LEFS= Lower extremity functional scale. 
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Table 2: Peak variables (SD) of interest during running. *signifies p>0.05. CPD= 
contralateral pelvic drop, HADD= hip adduction, HIR= hip internal rotation, KADD= knee 
adduction, external KADD moment= external knee adduction moment. Please note that 
a negative value for CPD indicates a contralateral pelvis that is depressed.  
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Table 3: Variables of interest (SD) for the single leg squat mechanics, indexed to peak 
knee flexion for each respective runner.  *signifies p>0.05. CPD= contralateral pelvic 
drop, HADD= hip adduction, HIR= hip internal rotation, KADD= knee adduction, external 
KADD moment= external knee adduction moment. Please note that a positive value for 
CPD indicates a contralateral pelvis that is elevated.  
 
 
 
